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Ras is regulated by a specific guanine nucleotide exchange factor
Son of Sevenless (SOS), which facilitates the exchange of inactive,
GDP-bound Ras with GTP. The catalytic activity of SOS is also allo-
sterically modulated by an active Ras (Ras-GTP). However, it re-
mains poorly understood how oncogenic Ras mutants interact
with SOS and modulate its activity. Here, native ion mobility-mass
spectrometry is employed to monitor the assembly of the catalytic
domain of SOS (SOS“) with KRas and three cancer-associated mu-
tants (G12C, G13D, and Q61H), leading to the discovery of different
molecular assemblies and distinct conformers of SOS“* engaging KRas.
We also find KRas®"P exhibits high affinity for SOS®* and is a potent
allosteric modulator of its activity. A structure of the KRas®'>PeSOS"
complex was determined using cryogenic electron microscopy provid-
ing insight into the enhanced affinity of the mutant protein. In addi-
tion, we find that KRas®'*°-GTP can allosterically increase the
nucleotide exchange rate of KRas at the active site more than twofold
compared to KRas-GTP. Furthermore, small-molecule RaseSOS disrup-
tors fail to dissociate KRas®'*"eSOS“" complexes, underscoring the
need for more potent disruptors. Taken together, a better understand-
ing of the interaction between oncogenic Ras mutants and SOS will
provide avenues for improved therapeutic interventions.
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Ras, a member of the small G-protein family, represents im-
portant signaling molecules with diverse cellular roles, such
as cell differentiation and proliferation (1-4). Different isoforms
of Ras (HRas, KRas, and NRas) have high overall sequence
identity and are the most commonly mutated of all discovered
oncogenes (5, 6). Of the three Ras isoforms, KRas is the most
frequently mutated isoform in cancers, such as pancreatic cancer
(70-90%), colon cancer (30-50%), and lung cancer (20-30%)
(7, 8). Ras proteins regulate cell signaling pathways by cycling
between inactive, GDP-bound, and active, GTP-bound states
that is accompanied by remodeling of three key regions within
Ras: p-loop (residues 10-17), switch I (residues 30-38), and switch
II (residues 60-76) (9-11).

As Ras proteins possess slow guanine nucleotide exchange
rates, their activation is regulated by guanine nucleotide exchange
factors (GEFs) that reload Ras with GTP (12, 13). The multido-
main protein, Son of Sevenless (SOS), is a GEF with the cdc25
and Ras exchanger motif domains representing the minimal,
functionally competent unit, termed SOS®" (14). Structural stud-
ies have revealed two Ras binding sites to SOS®, leading to the
discovery that binding of Ras—GTP at the distal (or allosteric) site
allosterically modulates SOS®®" activity, which markedly increases
the nucleotide exchange rate at the active site (14, 15). In addition,
the degree of this allosteric modulation greatly depends on the
nucleotide-bound state of Ras (14, 16, 17). Moreover, SOS is
conformationally dynamic and binding of Ras at the allosteric site
appears to shift the population to active conformation(s) of SOS
(18). In addition, SOS®™" samples a broad range of turnover rates
by fluctuating between distinct, long-lived functional states (19).
Despite these advances, the nucleotide specificity of Ras bound to
the active and allosteric sites of SOS and assembly with RAS,
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including oncogenic mutants, at the molecular level is poorly
understood.

Targeting oncogenic Ras mutants presents significant chal-
lenges because of their relatively smooth surface that lacks po-
tentially druggable pockets (6). Nevertheless, the discovery of
KRas inhibitors, particularly those that form irreversible covalent
bonds with Cys-12, comprises one of the most active areas of
cancer research (6, 20). As there are few windows of opportunity
to specifically target Ras mutants (6), apart from covalent binding
to Cys-12, other approaches have also been explored, such as
designing molecules to disrupt RaseSOS interactions, thereby
preventing activation of Ras (20). An increasing number of small-
molecule disruptors and peptide mimetics have been designed to
disrupt the RaseSOS interaction (21). Potent small-molecule
disruptors have recently been discovered that inhibit the forma-
tion of the RaseSOS complex and demonstrate antiproliferative
activity, representing a viable approach for targeting Ras-driven
tumors (22, 23). These results highlight the therapeutic impor-
tance of disrupting the interaction between Ras and SOS.

Over the past three decades, native ion mobility-mass spec-
trometry (IM-MS) has evolved as a powerful analytical technique
to investigate protein complexes and their interaction with other
molecules (24-26). In native MS, biological samples in aqueous
ammonium acetate are ionized using nanoelectrospray ioniza-
tion and introduced into a mass spectrometer tuned to preserve
noncovalent interactions and structure (24, 27). Native IM-MS
can provide information on protein complexes, such as subunit
stoichiometry and topology (28), and, unlike other biophysical
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techniques, resolve individual ligand-binding events (29). In com-
bination with an apparatus to control temperature, native MS can
be used to determine equilibrium binding constants and thermody-
namics for protein-ligand and protein—protein that are in direct
agreement with traditional biophysical approaches, such as isother-
mal calorimetry (30-35). Recently, native MS has been employed to
determine transition state thermodynamics for the intrinsic GTPase
activity of KRas and several oncogenic mutants (36). Notably, in-
trinsic GTPase activity rates determined using traditional solution-
based assays mirrored those obtained using native MS (36).

Although the interaction of Ras and SOS has been the subject
of numerous studies, the interaction of oncogenic Ras mutants
with SOS remains poorly described. To better understand the
role of these interactions in cancer, native IM-MS is used to
characterize the molecular assemblies formed between SOS®! and
mutants of KRas associated with cancer. IM spectrometry shows
conformational heterogeneity of SOS®" with specific conformers
engaging KRas. Three selected oncogenic mutants of KRas form
distinct molecular assemblies with SOS®, such as KRas®!*P
forming exclusively a ternary complex with SOS®, The cryogenic
electron microscopy (cryo-EM) structure of the KRas®*PeSOS¢"
complex (E’)rovides insight into the mechanism for the higher affinity
of KRas“"*P for SOS™., KRas“"*P-GTP also allosterically modu-
lates the activity of SOS®' more than the wild-type protein. In ad-
dition, the recent inhibitors developed to disrupt the KRaseSOS™
complex, BAY-293 and BI-3406, cannot dissociate KRas®*PeSOS™
complexes. Other small molecules, such as ARS-1620 and
Kobee0065, display a range of efficacies in disrupting complexes
formed between KRas mutants and SOS™.

Results

Conformational Dynamics of SOS“** and Conformational Selection of
KRas. To investigate the interaction between SOS and Ras, we
selected SOS, which can bind up to two Ras molecules, and
KRas due to its importance in cancer (7, 8). The KRaseSOS"
complex purified following methods established for structural
studies (14, 15) was subjected to native IM-MS analysis, a bio-
physical technique that has recently monitored the intrinsic
GTPase activity of KRas (36). The native mass spectrum of the
purified complex revealed an equilibrium of molecular species
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(Fig. 14). The KRaseSOS ™ complexes contained a nucleotide-
free KRas and the ternary complex, KRaseSOS *eKRas-GTP-
Mg”" (active siteeSOS“*eallosteric site), composed of one KRas
and KRas bound to GTP. Based on previous NMR and spectro-
scopic results showing the low affinity of KRas—GTP to the active
site (15, 16), we presume KRas—GTP is bound to the allosteric site
of SOS®. The stoichiometry of this ternary complex is consistent
with crystal structures (14). Ton mobility measurements, which re-
port on the rotationally averaged collision cross-section (CCS),
show the existence of different conformers populated by SOS,
which could be modeled with a minimum of three different
Gaussian distributions (Fig. 1B and SI Appendix, Fig. S1 and Table
S1). A similar analysis of SOS* but in the absence of KRas (Fig. 1C
and ST Appendix, Fig. S1) revealed a marked increase in the most
compact conformers, which are depleted when KRas is present
(Fig. 1B). The lack of SOS™ repopulating these conformers in the
presence of KRas is entirely consistent with the reported long-lived
interconverting dynamical states of SOS® (18, 19). In another
words, the observed depletion in SOS®™ conformers that prefer-
entially engage KRas could only happen if the different conformers
have slow interconverting rates and long-lived states, which do not
repopulate or equilibrate on the timescale of the experiment, hence
their observed depletion in abundance. These findings provide ad-
ditional evidence of conformational dynamics of SOS® and con-
formational selection for binding KRas.

Molecular Assemblies of KRas-GTP and SOS*. To better understand
the molecular assemblies of KRas with SOS®" in the presence of
unmodified nucleotides, we conducted studies using a higher-
resolution mass spectrometer (29). We first mixed SOS®™ with a
threefold molar excess of KRas loaded with GTP (KRas—GTP) (51
Appendix, Fig. S2). The mass spectrum recorded immediately after
mixing shows the presence of monomeric and dimeric KRas bound
to GTP, and a single binary complex composed of SOS“eKRas—
GTP-Mg** (Fig. 1 D and ). In addition, two ternary complexes
of near equal abundance were measured corresponding to
KRaseSOS“'eKRas-GTP-Mg**(GDP),_; (Fig. 1E). The mea-
sured molecular weight of these complexes and of the proteins
alone are in good agreement with theoretical values (SI Appendix,
Table S2). Notably, these molecular species were not resolved in
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Fig. 1. Conformational dynamics and molecular assemblies of SOS®* and KRas. (A) Native mass spectrum of 2 uM KRaseSOS®®* complex purified by size
exclusion chromatography. Mass spectral peaks corresponding to KRas, SO5®, binary, and ternary complexes are colored purple, chartreuse, cyan, and or-
ange, respectively. (B) Collision cross-section (CCS) distribution for the 16* ion of SOS<* (blue lines). Regression (R? = 1.0) of three Gaussian peaks (purple, pink,
and orange lines) and their sum (gray line). (C) CCS profile for the 16* ion of SOS®" recorded in the absence of KRas. Shown as described in B. (D) Mass
spectrum of 2 M SOS®* and 6 yM KRas-GTP recorded immediately after mixing. (E) Deconvolution of mass spectrum in D and selected mass range corre-
sponding to ternary complexes. Inorganic phosphate adducts are denoted by an asterisk. (F and G) Mass spectrum for the mixture described in D with the
addition of (F) 2 uM BODIPY modified GTP (B-GTP) and (G) 5 uM Mant-GTP}S. (H) Mass spectrum of 2 pM SOS“®* and 6 uM KRas-GDP recorded immediately
after mixing. (/) Plot of the mole fraction of 505 complexes determined from deconvolution of mass spectra. Reported are the mean and SD (n = 3). Mass
spectra shown in D-H were acquired on an Exactive plus EMR Orbitrap mass analyzer. KRas bound at active and allosteric sites are shown at Top Right and
Bottom Left of the cartoon, respectively.
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the lower-resolution mass spectrum (Fig. 14). KRas bound to
GTP dominates the binary and ternary complexes, a result that is
consistent with the higher affinity of KRas—GTP to the allosteric
site (15, 16). These findings capture an equilibrium of molecular
assemblies formed between KRas and SOS® that would be dif-
ficult to render using other biophysical techniques.

S0S* Stimulates KRas GTPase Activity. Despite addition of KRas—
GTP to SOS*, an additional peak corresponding to KRaseSOS"
eKRas-GTP-Mg”>"(GDP), was detected with a measured mass
(96,972.2 + 2.3 Da) in close agreement with the calculated mass
(96,964.8 Da) (SI Appendix, Table S2). Mass selection of this
ternary complex in the quadrupole followed by collision-induced
dissociation (CID) further corroborates this assignment (SI Ap-
pendix, Fig. S3). In addition, surface-induced dissociation (SID) of
the isolated ternary complex resulted in dissociation of KRas and
KRas-GTP from the complex (SI Appendix, Fig. S4). Notably,
KRas was loaded with GTP (~98%) (SI Appendix, Fig. S2) and the
slow intrinsic GTP hydrolysis of KRas in the absence of SOS®
cannot account for the perplexing abundance of GDP. The ap-
pearance of GDP is most likely due to the GTPase activity of
KRas but stimulated by SOS®', which would result in production
of GDP and inorganic phosphate (H,PO,"). In crystal structures
(14), phosphate is bound to ternary complexes, and accordingly
here phosphate adducts are observed on the complex with a mea-
sured mass of 97,060.2 + 2.1 Da compared to the theoretical mass
of 97,061.8 Da (Fig. 1E). Moreover, incubation of a mixture of
KRas-GTP and SOS*" overnight resulted in nearly twofold greater
levels of KRas bound to GDP compared to the control solution
containing only KRas-GTP (SI Appendix, Fig. SS5). An inorganic
phosphate assay also corroborated these findings with higher
phosphate concentration when KRas—GTP is in the presence of
SOS*" compared to the control KRas-GTP solution (SI Appendix,
Table S3). Taken together, these results indicate a role of SOS in
stimulating the GTPase activity of KRas.

Additional evidence for stimulation of KRas GTPase activity is
offered by the use of GTP analogs. First, a BODIPY-modified GTP
(B-GTP) analog was added to an incubated mixture of KRas-GTP
and SOS™ followed by recording the native mass spectrum. Mul-
tiple species are observed along with adducts corresponding to in-
organic phosphate and B-GDP only bound to KRas in complex with
SOS** (Fig. 1F). Interestingly, the lower abundance of KRaseSOS™
eKRas-B-GTP-Mg”*(B-GDP); compared to KRaseSOS®"
eKRas-GTP-Mg>* (B-GDP), suggests the allosteric binding site
is less dynamic than the active site (Fig. 1 F, Inset). Next, the
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nonhydrolyzable GTP analog, Mant-GTPyS, was added to the
incubated mixture of SOS® and KRas-GTP. The native mass
spectrum shows no detectable signal corresponding to hydrolyzed
Mant-GDP, and Mant-GTPyS is only bound to free KRas (Fig.
1G). These findings show various molecular assemblies of KRas and
SOS®" but also report that SOS** can stimulate of KRas GTPase
activity, a characteristic feature of GTPase-activating proteins
(GAPs) (4).

Molecular Assemblies of KRas—GDP and SOS*. As the degree of al-
losteric modulation of SOS®™ greatly depends on the nucleotide-
bound state of Ras (14, 16), KRas was loaded with GDP (KRas—
GDP) prior to mixing with SOS™. The native mass spectrum for this
mixture is dominated by two binary complexes with the majority
(~80%) bound to GDP (Fig. 1 H and I). In addition, there are low
abundant signals corresponding to KRaseSOS™ eKRas-GTP-
Mg**(GDP),_; that stem from a small fraction of KRas-GTP not
loaded with GDP (S Appendix, Fig. S6), underscoring the sensitivity
of our measurements. KRas-GTP promotes the formation of a
ternary complex, which is in accord with previous studies (14, 16).

Molecular Assemblies of SOS** and KRas Oncogenic Mutants. Three
oncogenic mutants of KRas were selected based on their high oc-
currence in some cancers (Q61H, G13D, and G12C) (5). The mu-
tant proteins were first loaded with GTP and mixed with SOS™
immediately before native MS analysis. The mass spectrum for
KRas®®'™ and SOS®* mixture showed a higher abundance of di-
meric KRas?*'" with each bound to GTP and no detectable ternary
complex (Fig. 2 A and D). The SOS*“‘eKRas?*'"_GTP-Mg**
complex uniformly contained one GTP and no ternary complexes
were observed (Fig. 2.4 and D). In stark contrast, KRas®*°-GTP
solely formed a KRas®'*PeSOS™ oKRasGBD—GTP—MGg2+ complex
(Fig. 2 B and D). The third GTP-loaded mutant KRas“'*“ engaged
SOS™ in a similar fashion as wild-type KRas with the exception of
an increased abundance of the ternary complex containing GDP
(Fig. 2 C and D and SI Appendix, Fig. S7). Of the three oncogenic
mutants, GDP was observed only in SOS®‘eKRas“'*“ complexes. In
summary, oncogenic mutants form assemblies with SOS™" that are
distinct from those formed with wild-type KRas.

We next investigated the three oncogenic mutants loaded with GDP
and their assembly with SOS®. The mass spectrum of a 3:1 mixture of
KRas®™ to SOS™ had weak signal for a GDP-bound binary complex
(Fig. 2 E and H). KRas®"*P-GDP predominant!jy formed ternary
complexes composed of KRas“*PeSOS™eKRas " *P-GDP(GDP),_,
with ~90% of the signal accounting for the complex bound to only

C

P Mole Fraction (%)
< 25 50 75 100
e P
—
had g s
T ©_ =044 b
%
H &

L=

— o
+ 19+
Pl o e L
2500 3500 4500 5500 2500 3500 4500 5500 2500
E m/z F < m/z

|1_z‘ 9
3500 4500 5500 2500
m/z

2500

3500 4500
m/z

Fig. 2. Distinct molecular assemblies of SO5“"

3500 4500 5500
74 Mole Fraction (%)

m/:
G Ho 25 50 75 100
o] B
< - 5
t /:0.17 _L
R ©
9 T o |
s o
O
0
O
o

with oncogenic KRas mutants. (A-C) Native mass spectra of 2 pM SOS®" mixed with three equivalents of (A)

KRas®®"M_GTP, (B) KRas®"*P-GTP, or (C) KRas®'>*“~GTP. Mass spectra are shown as described in Fig. 1. (D) Plot of the mole fraction of SOS®* complexes formed
with GTP-loaded proteins. (E-G) Mass spectra of 2 uM SOS“* mixed with threefold molar excess of (E) KRas2®'""-GDP, (F) KRas®'*°-GDP, or (G) KRas®'>“~GDP.
(H) Plot of the mole fraction of SO5* complexes formed with GDP-loaded proteins. Shown as described in Fig. 1.
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one GDP (Fig. 2 F and H). This unexpected observation of a
prevalent ternary complex for KRas“"*P-GDP suggests it can bind
the allosteric site and possibly function as an allosteric modulator of
SOS, Assembly of SOS®* and KRas®'?“~GDP led to the for-
mation of complexes reminiscent of wild-type KRas but overall
lower in abundance (Fig. 2 G and H).

Complexes of KRas with a Mutant Form of S05™, SOS™ containing
the W729E mutation (SOS"7?°F) has been reported to abolish Ras
binding at the allosteric site (15). The mixture of KRas-GTP and
SOSW7#%E showed a significant depletion of higher-order complexes
(Fig. 3 A and C). Again, GDP is present in the ternary complex with
a ratio skewed to those containing GDP. KRas?'"-GTP and
KRas®"?“~GTP also displayed an overall reduction in complex for-
mation (Fig. 3C and ST Appendix, Fig. S8). Surprisingly, KRas%"*"-
GTP formed com;)lexes comgosed of KRas®*PeSOSV7?F and
KRas®*PeSOSWV/*FEeKRas ! *P-GTP-Mg>"* (Fig. 3 B and C).
Moreover, SOSV?E and KRas-GDP formed two binary com-
plexes, KRaseSOSW7?*!(GDP),_;, in the same ratio but lower in
signal abundance compared to SOS® alone (Fig. 3 D and F).
KRas®"*P_GDP primarily assembled into binary complexes with a

majority (G~64%) containing nucleotide-free KRas®"*® (Fig. 3 E and
F). KRas®'*©eSOSV*5(GDP),_, com;e\l/exes were observed for the

assembly of KRas®'?*“_-GDP and SOSW7?*E, and KRas?*'*_GDP
did not engage SOS™’*F (Fig. 3F and SI Appendix, Fig. S8). Taken
together, these results demonstrate a clear preference for the active
site of SOS™" toward KRas-GDP.

Structural Characterization of the KRasS'*°~GTP and SOS* Ternary
Complex. The unique properties of KRas®"*P to form predomi-
nantly ternary complexes with SOS® prompted us to determine
the structure using cryo-EM. The ternary complex was pre-
pared using KRas®™*P Joaded with 5’-guanylyl imidodiphosphate
(GppNp), a nonhydrolyzable analog of GTP (SI Appendix, Fig. S9).
The structure of the complex was determined to a resolution of
3.47 A (SI Appendix, Methods) with KRas®"*P and KRas®*P-GTP
bound at the active and allosteric sites of SOS®!, respectively
(Fig. 44 and SI Appendix, Fig. S10). The presence of nucleotide-
free KRas®'*P at the active site is in line with MS results (Fig. 2B).
The structure is largely reminiscent with that of HRaseSOS®
eHRas-GppNp (Protein Data Bank [PDB] INVW) with some
notable structural differences, such as a ~2.5-A displacement of

3

the KRas“'*P molecule at the active site (SI Appendix, Fig. S11 E
and F). Analysis of KRas“"*"~GTP bound at the allosteric site
reveals that KRas®'*P adopts a state 2 conformation, character-
ized by interaction of the y-phosphate with the side chain of Thr35
within switch I and the amide of Gly60 within switch 1T éSI Appendix,
Fig. S11B) (37). Moreover, the structure of KRas“"*P-GppNp
bound at the allosteric site of SOS®" aligns well with that of active
conformation of HRas-GTP (SI Appendix, Fig. S11C) (37). How-
ever, the molecular interactions of KRas®*P—GTP bound at the
allosteric site of SOS™ differs from that observed for SOS™" in
complex with HRas-GTP. More specifically, the side chain of
tryptophan at position 729 of SOS® is reoriented and interacting
with the carbonyl of Pro34 of KRas“"*" (Fig. 4 A4 and B). The
orientation of Trp729 is similar to the crystal structure of the
Tyr64Ala mutant of HRas bound at the allosteric site of SOS®* (SI
Appendix, Fig. S11D), which this mutant HRas protein has signifi-
cantly reduced binding affinity to the active site of SOS™ (38).
Trp729 adopts a different orientation that interacts with Try64 in
the structure of HRas—GppNp bound at the allosteric site of SOS™
(Fig. 4C). The density for residues 62-67 within the switch II region
was not clear, possibly due to this region populating different con-
formations. The most marked difference in the structure of the
KRas®"*P in complex with SOS® compared to other available
structures (14, 22) is the structure of KRas®"*" bound at the ac-
tive site (Fig. 4D). Aspartic acid at position 13 forms hydrogen
bonds with Asn86 and Lys117. These interactions, for example,
reposition loop 8 by ~4 A compared to HRas in complex with
SOS*" along with displacing other regions, such as helices 3 and 4,
p-loop, and switch I (Fig. 4D and SI Appendix, Fig. S11E). The
observed conformation of KRas®"*P also differs from the struc-
ture of a mutated form of KRas%"?C bound only at the active
site of SOS (SI Appendix, Fig. S11F). Comparison of the
KRas®"*P_GDP structure (PDB 6E6G) with KRas“"*" bound at
the active site reveals the side chain of Asp13 is rotated 180° and
pointing away from Asn86 (Fig. 4F).

The Modulation of SOS“®* Activity by KRas®'3P-GTP. Competition and
nucleotide exchange assays were conducted to better understand
the significance of the interaction between KRas®!*P and SOS®™,
First, the complex formed between SOS®* with GTP-loaded KRas
harboring the N-terminal hexahistidine affinity tag (Hiss—KRas—
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Fig. 3. Complexes of a mutant form of SOS®* with KRas and oncogenic mutants. (A and B) Native mass spectra of 2 pM SOS"/72° mixed with 6 uM of (A)
KRas-GTP or (B) KRas®'*P—GTP. Mass spectra are shown as described in Fig. 1. (C) Plot of the mole fraction of SOS"Y7?°® complexes formed with GTP-loaded
proteins. Shown as described in Fig. 1. (D and E) Mass spectra for a 1:3 mixture of SOS"/729F with (D) KRas-GDP or (E) KRas®'*P-GDP. (F) Plot of the mole
fraction of SOS"72°E complexes formed with GDP-loaded proteins. Shown as described in Fig. 1.
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A Allosteric

KRas¢"*P-GppNp

Fig. 4. Structure of KRas®'*® in complex with SOS®*. (A) The structure is shown in cartoon representation with KRas
allosteric sites of SOS®* (gray), which are colored blue and red, respectively. Switch I and Il regions of KRas

G13D

molecules bound at the active and

G130 are colored in green and purple, respectively.

Allosteric KRas®'3 is bound to GppNp and magnesium. (B) Molecular interactions formed at the interface between KRas®'*P-GppNp and SO5*. Hydrogen
bonds are shown as yellow dashed lines. (C) The allosteric interface for HRas-GppNp and SOS®* (PDB 1NVW) (14) shown in similar orientation as B. (D)
KRas®'3P bound at the active site with Asp13 forming interactions with Asn86 and K117. (E) X-ray structure of KRas®'3*® bound to GDP (PDB 6E6G) (51) shows
the side chain of Asp13 is oriented in the opposite direction, away from Asn86.

GTP) displayed similar abundances of molecular species as the
tagless protein (Fig. 54). Interestingly, addition of KRas®"*"~-GTP
to this complex not only completely abolished the binding of wild-
type KRas to SOS™ but predominantly formed a ternary complex
of KRas®*PeSOS™ eKRas®*’-GTP-Mg** (Fig. 5B). The ex-
periment performed in the opposite fashion, where Hisc—KRas—
GTP is added to preformed complexes of KRas®*P—GTP and
SOS™, resulted in no disruption of KRas®*PeSOS! complexes
(SI Appendix, Fig. S12). Next, the SOS®™-stimulated nucleotide
exchange rate of KRas bound to B-GDP in the absence and
presence of KRas®*°~GTP was determined. The intrinsic nucle-
otide exchange rate of KRas-B-GDP is slow (39) (k = 0.12 min™")
but enhanced in the presence of SOS™ (Fig. 5C). The rate of
nucleotide exchange is allosterically modulated (k = 0.3 min™") in
the presence of KRas-GTP (Fig. 5 C and D) consistent with pre-
vious studies (14). However, the addition of KRas®"*P-GTP in-
creased the exchange rate by more than twofold, k = 0.7 min~!
(Fig. 5 C and D). The addition of KRas?*"™-GTP (k = 0.4 min™")
marginally increased the nucleotide exchange rate compared to
KRas-GTP and much less than KRas®'*’-GTP. Attempts to
measure SOS®-mediated nucleotide exchange rate of KRas®!3P
in the presence of allosteric KRas®'*P—GTP was not possible due
to extremely fast nucleotide exchange rate of this mutant protein
consistent with previous studies (17). In short, KRas%"*" exhibits
not only a higher affinity for SOS® but is also a more potent al-
losteric modulator of SOS® activity.

Disruption of the Interaction between KRas and SOS“™. As the dis-
ruption of the interaction between Ras and SOS is an attractive
approach to curb aberrant Ras signaling (21, 40), we next investi-
gated whether small-molecule RaseSOS disruptors can efficiently
disrupt complexes of SOS" and KRas mutants. Recent traction has
been made on the development of specific covalent inhibitors of
KRas®"?“, such as ARS-1620 (20, 41). Reacting 10 equivalents of
ARS-1620 with KRas®"?“ loaded with either GTP or GDP showed
complete reactivity when the enzyme is bound to GDP and limited
reactivity when GTP is bound (SI Appendix, Fig. S13). These results
agree with the specificity of ARS-1620 toward the inactive, GDP-
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bound state of KRas®!?¢. Moreover, the addition of ARS-1620 to
an incubated mixture of SOS™ and KRas®'*“~GDP resulted in
complete disruption of complexes (Fig. 64), consistent with a SOS-
mediated nucleotide exchange assay (41). However, ARS-1620
added to a preincubated mixture of SOS™ and KRas®'*“~GTP had
no appreciable disruption of binal‘;y and ternary complexes (Fig.
6F). This result suggests KRas®*“~GTP allosterically modulates
the affinity of KRas“'* at the active site of SOS®, thereby hin-
dering the reactivity of ARS-1620. These findings highlight the
inability of ARS-1620 to disrupt assemblies of SOS®' and
KRas“'*“-GTP.

We next tested the efficacy of small-molecule RaseSOS dis-
ruptors, Kobe0065 (ICsp = 20 pM), BAY-293 (IC5p = 21 nM), and
BI-3406 (IG5 = 5 nM) (22, 23, 42). Kobe0065 binds directly to
Ras—GTP and is reported to alter the binding at the allosteric site
of SOS (42). The addition of 2.5 equivalents of Kobe0065 to SOS**
in complex with KRas—-GTP or KRas®"*P-GTP resulted in mar-
ginal and no disruption, respectively (Fig. 6 B and F). Increasing
the concentration of Kobe0065 to 200 uM, 10 times the reported
1G5 value, did not disrupt binary and ternary complexes. In ad-
dition, the small molecule was ineffective at disrupting complexes
of KRas%'? and SOS™ (SI Appendix, Fig. S14C). BAY-293 has
been shown to efficiently disrupt the interaction between KRas®'*¢
and SOS*" leading to antiproliferative activity (22). However, the
small molecule was not effective at disrupting the binding of
KRas-GTP and KRas®'?“*~GTP at the allosteric site of SOS"
(Fig. 6C and SI Appendix, Fig. S14B). BAY-293 binds directly to
SOS* (SI Appendix, Fig. S144) and disrupts the ternary complexes
formed between SOS® and KRas or KRas%'*“ (Fig. 6C and SI
Appendix, Fig. S14B). Moreover, BAY-293 did not disrupt the
ternary complex of KRas®"*P-GTP and SOS** (Fig. 6G). The
compound, however, does inhibit the formation of complexes
formed between SOSV’*F and either KRas-GDP or KRas%'*P-
GDP (SI Appendix, Fig. S14 D and E). BI-3406 (23), a recently
reported highly selective and potent inhibitor of SOSI1, was
screened for the ability to disrupt complexes formed between
SOS®" and wild-type and mutants of KRas. At 2.5 pM, BI-3406
binds directly to SOS® (SI Appendix, Fig. S154) and disrupts the
ternary complex between SOS®" and KRas (Fig. 6D). In contrast,
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BI-3406 at the same concentration did not disrupt the ternary
KRas®*PeSOS™ complex (Fig. 6H), even after overnight incu-
bation (SI Appendix, Fig. S15B). At higher concentrations of the
compound (4,000-fold the reported ICsy), the ternary complex
between KRas®"*P and SOS®! was almost completely disrupted
(SI Appendix, Fig. S15C). Similar to BAY-293, BI-3406 disrupts the
binary complex between KRas®'*P-GDP and SOSW'*F (SI Ap-
pendix, Fig. S15D).

Discussion

Dynamics of signaling proteins play crucial roles in their function
(43). Although conformational heterogeneity has been reported
for SOS®* (18, 19), ion mobility measurements provide direct
experimental evidence of the protein populating at least three
conformers in solution with distinct conformers engaging KRas.
If the dynamics were fast, the depleted conformers that engage
with KRas would be repopulated. Instead, depletion of specific
conformers in the presence of KRas is in direct agreement with
the long-lived, interconverting dynamical nature of SOS®* (18,
19). This is a demonstration of ion mobility showing clear evidence
of conformational selection for a protein—protein interaction.
Native MS provides a unique opportunity to monitor the mo-
lecular assemblies of SOS™" with Ras. Unlike other approaches, the
sensitivity and resolution of modern mass spectrometers enable not
only measurements of proteins at low micromolar concentration but
use of unmodified nucleotides. Native mass spectra resolve a
number of molecular assemblies formed between KRas and SOS™
that populate different nucleotide-bound states. The abundances of
various nucleotide-bound states of binary and ternary complexes
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provide a glimpse into the affinity of nucleotides. For example, bi-
nary and ternary complexes of KRas®"*" are dominated by
nucleotide-free states that may have bearing to the reported fast
nucleotide exchange rates of the mutant protein (39). We also find
an unexpected abundance of GDP immediately after mixing
KRas-GTP with SOS®, and addition of B-GTP to preformed
ternary complex further validates the SOS“-mediated stimulation
of KRas GTPase activity. However, no GDP was observed when a
nonhydrolyzable analog is added to the complex. The presence of
GDP was also observed for KRas®'?“, which has reduced intrinsic
GTPase activity compared to the wild-type protein (36). These re-
sults provide compelling evidence that SOS®" has GAP-like char-
acteristics. Nevertheless, it is unknown whether the hydrolysis
reaction is carried out at the active or allosteric site(s) of SOS™.
The observed ions corresponding to KRaseSOSY*5(GDP), after
immediate MS analysis of a KRas-GTP and SOS™’**" mixtures
suggests that the hydrolysis reaction likely occurs at the active site.
Furthermore, SOS™’**" engineered to disrupt binding at the distal
site shows a clear preference for binding KRas-GDP at the active
site, consistent with previous reports (15-17). However, our data
also show SOSW7F does not completely abolish binding at the
distal site as reported (15), thereby convoluting the interpretation of
reported binding affinities (15-17). In addition, signal is detected
corresponding to dimers of wild type and oncogenic mutants of
KRas. At the concentration of KRas (3 pM) used in the native MS
studies, it is unlikely that the homodimers arise from nonspecific
association and provide direct evidence of KRas dimerization,
which has been implicated in Ras signaling (44).
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Fig. 6. The effect of ARS-1620, BAY-293, and Kobe0065 on assemblies of KRas and SOS". (A-E) Mass spectrum recorded after adding 10 pM ARS-1620 to
preincubated mixtures of 1 pM SOS<®* with 3 uM (A) KRas®'>*“~GDP and (E) KRAS®'?“~GTP. Mass spectra are shown as described in Fig. 1. (B-F) Mass spectrum
recorded after adding 2.5 uM Kobe0065 to preincubated mixtures of 1 pM SOS@* with 3 uM (B) KRas-GTP and (F) KRASS'*P—_GTP (C-G) Mass spectrum
recorded after adding 2.5 M BAY-293 to preincubated mixtures of 1 pM SOS* with 3 pM (C) KRas-GTP and (G) KRAS®'*P—GTP. (D-H) Mass spectrum
recorded after adding 2.5 uM BI-3406 to preincubated mixtures of 1 uM SOS“* with 3 uM (D) KRas-GTP and (H) KRAS®'3P-GTP.

The structure of KRas®"*PeSOS“*eKRas®'*P-GppNp pro-
vides molecular details and clues to understanding the observed
higher binding affinity of KRas®"*P for SOS**, First, KRas'*P
bound at the active site of SOS®™" is disglaced compared to those
in complex with HRas and KRas®'*“ (14, 22). Asp13 forms
molecular interactions that reorients its side chain away from the
nucleotide binding pocket that is essentially primed for binding
GTP to a greater extent than the wild-type protein. This obser-
vation draws a corollary to native MS results, where the majority
of the ternary complex is not bound to GDP. Aside from struc-
tural differences observed at the active site, the overall structural
similarity to the HRaseSOS *eHRas-GppNp complex indicate
the molecular interactions would be similar for HRas, KRas, and
KRas®"*P. Therefore, a plausible explanation for the observed
higher binding affinity of KRas®"*" is likely due to the altered dy-
namics of the mutant protein. In particular, switch IT of KRas%"* is
known to become less flexible, regardless of nucleotide-bound state,
and positively correlated with p2—p3 loop motions (45). Importantly,
switch II forms key interactions at the allosteric site of SOS*, and
the altered dynamics of switch II in KRas%"*P could result in an
increase in the apparent binding affinity, i.e., a larger fraction of
KRas“"*P adopts a conformation(s) that can selectively engage
SOS®, Moreover, the reduced dynamics of the switch II region of
the KRas“"*P—GDP can partly explain the ability of the GDP-bound
protein to bind at the allosteric site and form ternary complexes
with SOS*".

As oncogenic mutants have impaired GTPase activity, it has been
surmised that activation of oncogenic Ras is independent of SOS
(46). For example, activation of KRas%"*P and KRas®*'"! has been
suggested to be independent of SOS due to their fast nucleotide
exchange rate and impaired-GTPase activity, respectively (17, 39).
However, results from native MS reveal KRas oncogenic mutants
show an assortment of molecular assemblies ranging from weakly
interacting KRas?'™ to KRas®"*? that robustly engages SOS.
More specifically, KRas?*""™_GTP does not exert an allosteric effect
implying that activation of this mutant is likely SOS independent. In
contrast, KRas®"*P-GTP unexpectedly forms predominantly a
KRasC*PeSOS™eKRas®*P_GTP complex. KRas®*P-GDP also
forms KRas®'*PeS0S" eKRas“'*’-GDP(GDP),_; complexes,
suggesting the GDP-bound form of this mutant may serve as an
allosteric modulator of SOS, Moreover, KRas®'*P-GTP is a
potent allosteric modulator of SOS®" and can also enhance the
SOS-mediated nucleotide exchange of wild-type KRas. Con-
sidering cancer cells can be heterozygous for the KRas%"*P mu-
tation, these findings are of particular im%ortance as SOS
activity can be allosterically modulated by KRas“'*P, regardless of
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nucleotide-bound state, which in turn would lead to robust SOS-
mediated activation of KRas. These findings provide additional
evidence that oncogenic Ras bound at the allosteric site of SOS
can cross-activate KRas, which has been shown to be essential for
tumorigenesis (47).

Ras activation is tightly regulated by SOS and disruption of this
interaction is an attractive route for targeting Ras-driven cancers (21,
40). ARS-1620 (ICsp, 120 nM) cannot disrupt assemblies of SOS™
and KRas®"?“~GTP, suggesting KRas“*“~GDP within the ternary
complex is shielded from reaction with ARS-1620. KRas®*“~GTP
allosterically promotes the interaction of KRas%'?“ at the active site,
which diminishes the efficacy of the inhibitor to dissociate the
complex. Kobe0065, designed to disrupt Ras binding at the allosteric
site of SOS™, was ineffective for complexes formed with KRas,
KRas®'?¢, and KRas®"*P, The recent discovery of KRaseSOS dis-
ruptors have shown promising antiproliferative activity (22, 23).
However, we show that while BAY-293 successfully disrupts KRas
and KRas®'* complexes with SOS®, it fails to disrupt those formed
with KRas®"*P at 119-fold the ICs, (ICsy = 21 nM). Addition of BI-
3406, 500-fold above the ICsy (ICsp = 5nM), did not disrupt the
ternary complex of KRas®'*P-GTP and SOS™. Although BAY-293
and BI-3406 compounds can disrupt KRas®'*P binding to the active
site of SOS® (SI Appendix, Figs. S14E and S15D), the presence of
KRas“"*P_GTP bound at the allosteric site of SOS™ leads to en-
hanced stability of the ternary complex that is persistent to disruption
with these small-molecule disruptors. The antitumor activity of
BAY-293 and BI-3406 is greatly enhanced in combination with
specific KRas®'?“ and MEK1 inhibitors (22, 23), and this strategy
may mitigate cases where the efficacy of small-molecule RaseSOS
disruptors is reduced when SOS is engaged with oncogenic Ras
mutants, such as KRas®"®P. Overall, the ability of KRas®"P to
exclusively form ternary complexes with SOS™, compete with KRas
binding SOS*, activate SOS* to facilitate loading of wild-type
KRas, and resistance to disruption by small-molecule disruptors
may explain the aggressive biology of tumors associated with this
mutant (48). Moreover, the higher binding affinity of KRas®"*", and
likely other Ras mutants, for SOS may lead to not only an increase in
the recruitment of SOS to the plasma membrane but also prolong
dwell time allowing an increase in Ras activation by SOS (49). In
closing, these results showcase the ability of native IM-MS to provide
unprecedented insight into molecular assemblies, such as those
formed between SOS and KRas, and open avenues to develop
more potent Ras-SOS inhibitors, especially for Ras mutants that
robustly bind and activate SOS.
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Methods

Protein Expression and Purification. Human KRas4B (residues 1-169) and
SOS* (residues 558-1049) were expressed and purified as previously de-
scribed (36). The details of expression and purification are in SI Appendix,
Materials and Methods. All mutations were generated using the Q5 site-
directed mutagenesis kit (New England Biolabs) following the manufac-
turer’s protocol. Additional details are in S/ Appendix, Materials and
Methods.

Sample Preparation to Monitor the Assembly of the Complex via Native MS
Analysis. In order to obtain mass spectra of KRas or mutants (loaded with
GDP or GTP) complexed with SOSt or SOSW72%, KRas, SOSt, and
SOSW72% \ere separately buffer exchanged into 100 mM ammonium
acetate (pH 7.4) using a Micro BioSpin 6 column (Bio-Rad). The GTP- or
GDP-loaded KRas was mixed with SO5* or SOS"72% at 3:1 molar ratio in
ammonium acetate and immediately analyzed using native MS. For
BODIPY-GTP and Mant-GTPyS experiments, 2 and 5 uM of the fluorophore
analogs were added to the preformed mixture of SOS®* and KRas-GTP,
respectively (Fig. 1D), and were immediately analyzed using native MS.
Additional details are available in S/ Appendix, Materials and Methods for
inhibitor binding assays.

Native MS. Protein samples were introduced into an Exactive Plus with
extended mass range (EMR) Orbitrap MS (Thermo Fisher Scientific). Samples
were loaded into pulled borosilicate glass capillaries prepared in-house,
and electrosprayed into the instrument with the voltage applied using a
platinum wire directly inserted into the solution. Instrument parameters
(51 Appendix, Table S3) were tuned to minimize gas phase activation and
to preserve noncovalent interactions between KRas and SOS®' or
SOSW72% _ All of the measurements were taken in triplicate and repeated
on different days. The mole fractions of free SOS®, binary and ternary
complexes were determined using Unidec software (50) for all triplicates,
and average values were used for circle graphs. The additional details on
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